arXiv:1502.00262v2 [hep-ph] llJun2015 


KIAS-PREPRINT-P15006 


Higgs and Dark Matter Physics 
in the Type-II Two-Higgs-Doublet Model inspired by GUT 

P. Ko/’0 Yuji Omura,^’0 and Chaehyun Yu^’0 

^School of Physics, KIAS, Seoul 130-722, Korea 
'^Department of Physics, Nagoya University, Nagoya 464-8602, Japan 

(Dated: June 12, 2015) 

Abstract 

We study Higgs and dark matter physics in the type-II two-Higgs-doublet model (2HDM) with an 
extra U{1)h gauge symmetry, inspired by the Eq grand unified theory (GUT). From the viewpoint 
of the bottom-up approach, the additional U{1)h gauge symmetry plays a crucial role in avoiding 
the tree-level flavor changing neutral currents mediated by neutral Higgs bosons in general 2HDMs. 
In the model with U{1)h gauge symmetry, which has Type-II Yukawa couplings, we have to 
introduce additional chiral fermions that are charged under the U{1)h gauge symmetry as well as 
under the Standard-Model (SM) gauge symmetry in order to cancel chiral gauge anomalies. For 
the U{1)h charge assignment and the extra matters, we adopt the ones inspired by the Eq GUT: 
the extra quark-like and lepton-like fermions with the non-trivial U{1)h charges. We discuss their 
contributions to the physical observables, such as the measurements of Higgs physics and electro- 
weak interactions, and investigate the consistency with the experimental results. Furthermore, we 
could find extra neutral particles like the SM neutrinos after the electro-weak symmetry breaking, 
and they could be stable, because of the remnant symmetry after U{1)h symmetry breaking. We 
also discuss the thermal relic density and the (in)direct-detections of this dark matter candidate. 
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I. INTRODUCTION 


Adding extra Higgs doublets to the Standard Model (SM) would be one of the most 
attractive and the simplest ways to consider the extension of the SM. In fact, such extra 
Higgs doublets are present in many Beyond Standard Models (BSMs) motivated by some 
theoretical problems of the SM such as gauge hierarchy problem. Theoretical and phe¬ 
nomenological aspects of multi-Higgs-Doublet models have been widely discussed so far. 
Especially, two-Higgs-Doublet models (2HDM) with (softly broken) Z 2 Higgs symmetry are 
well-investigated, motivated by supersymmetry, grand unihcation theories (GUT), Higgs 
and dark matter physics (see Ref. [H for recent reviews). Also a lot of interests on this 
model have been drawn in light of new LHC data [^. 

The softly broken discrete Z 2 Higgs symmetry is introduced to avoid the tree-level fla¬ 
vor changing neutral currents (FCNCs) a la Natural Flavor Conservation (NFC) criterion 
[^. The resulting 2HDMs predict the so-called minimal flavor violation, where the FCNCs 
mediated by neutral Higgs bosons are suppressed by the CKM matrix and thus phenomeno¬ 
logically safe. 

In order to avoid too large tree-level FCNCs, the present authors made new proposals 
of ^avor-dependent) gauged U{1)h Higgs symmetry instead of the Z 2 symmetry in Refs. 
[5|-l8|. In the 2HDMs with U{1)h symmetry (denoted as 2HDMu(i) hereafter), two Higgs 
doublets are charged under new local U{1)h gauge symmetry, and they break both elec- 
troweak (EW) and U{1)h Higgs gauge symmetries. In this new proposal, SM fermions have 
to be charged under U{1)h] otherwise one cannot write the realistic Yukawa couplings at 
the renormalizable level. 


The 2HDMu(i) is strongly constrained by the measurements of the electroweak precision 
observables (EWPOs), as well as the collider searches for Z' and Higgs boson. In fact, the 
present authors investigated the constraints in the type-I 2HDMf/(i) in detail, and discussed 
the current status of the Type-I 2HDMu(i) in light of the recent LHC results on Higgs 
properties and provided the future prospects in Ref. j^. Also they constructed the inert 
2HDM model with U{1)h gauge symmetry and showed that the light dark matter (DM) 
mass region below ~ mw is widely open if the Z 2 symmetry is implemented into local 
U{\)h gauge symmetry, due to newly open annihilation channels of the DM pair into the 
extra U{1)h gauge boson(s): HH —)■ Zh^, ZZh, which are not present in the ordinary 
inert 2HDM with discrete Z 2 symmetry |9|. In fact this phenomenon is very generic in 


dark matter models with local dark gauge symmetries jlOMl5|. Note that the U{1)h gauge 


symmetry is nothing but local dark gauge symmetry, since it acts only on the inert doublet, 
and not to the SM helds at all. 


We may have to introduce extra chiral fermions to avoid gauge anomalies depending 
on the U{1)h charge assignments to the SM fermions. In Ref. j^, it was shown that 
the anomaly-free U{\)h charge assignments to the SM fermions are possible in the Type- 
I 2HDMu(i), so the fermion sector is just the same as the SM case except right-handed 
neutrinos. However, in other types of 2HDMs, U{1)h becomes anomalous without extra 
chiral fermions, and then we face the strong constraints on extra fermions from various 
experiments. For example, in the Type-H 2HDMf/(i), which is the main subject of this 
work, there is no solution for the anomaly-free conditions without extra chiral fermions, as 
discussed in Ref. j^. The extra particles would be colored and carry the electric charges. 
Hence, they would be produced and detected at the LEP and hadron colliders, depending 
on their masses j^. Therefore such additional particles charged under U{1)h and/or the 
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SM gauge groups would suffer from strong theoretical and experimental constraints. On 
the other hand, some of them might be stable (or long-lived enough) and could be good 
cold dark matter (CDM) candidates as pointed out in Refs. 0,0. Their stability could be 
guaranteed by the remnant symmetry of U{1 )h 0- 

In this paper, we study Higgs and dark matter physics, as well as the experimental and 
theoretical constraints, in the Type-II 2HDM[/(i), inspired by Eq GUT. From the point of 
view of the bottom-up approach, there are many choices for the U{1)h charge assignment 
to realize the Type-II Yukawa couplings, where one Higgs doublet couples with the up-type 
fermions and the other one couples with the down-type fermions in accordance with NFC. 
One well-known U{1)h Higgs gauge symmetry would be the one predicted by GUT, such as 
Eq and S'O(IO) GUT. The rank of Eq gauge group is “6”, so that Eq predicts 2 extra U{1) 
symmetries and the SM fermions, as well as extra fermions to make the models free of gauge 
anomalies. They could be derived from the three-family 27 representations at low energy, 
in the supersymmetric Eq modelEI If we assume that U{1)h is originated from breaking of 
two U{1) symmetries at low energy scale, the U{1)h charges are predicted explicitly by the 


RG flow and the decoupling scales of the extra helds [20, l2]J. The representative U{1)h 
charge assignments are and U{l)rj, and they face stringent constraints from 

the Drell-Yan (DY) processes from hadron colliders jl^. However, if we assume U(l)w is 
the so-called leptophobic U{l)b under which the SM leptons are not charged BHii-liel, 
one could evade the strong constraints from the Drell-Yan processes, and the U{1)h gauge 
boson could be as low as ~ 0(100) GeV. 

In our type-H 2HDM[/(i), we shall assign one gauged U{1)h symmetry, which may be 
derived from the Eq GUT model, assuming one of the two U(l)’s is broken at a high scale. 
From the viewpoint of the top-down approach, the U{1)h may be hxed once we chose the 
broken U{1) symmetry, because they may be approximately orthogonal each other. For 
instance, U{1)h may be the linear combination of U{1)y and U{1).^ when U{1)^ is broken 
at high energy. 

In this paper, we dehne the U{1)h as the leptophobic U{l)b which is the linear com¬ 
bination of U{l)r^ and f/(l)y taking the bottom-up approach. This is because we could 
expect that such leptophobic interaction may be sizable enough so that we may be able to 
observe new physics effects at colliders and dark matter experiments as demonstrated in the 
following. Furthermore, we consider the Yukawa couplings which respect both U{l)b and 
U{1)^ (or U(l)^), in order to avoid the FCNCs induced by the mass mixings between extra 
fermions and the SM fermions 0. 

Besides, we introduce only two Higgs doublets and the minimal set of the chiral fermions 
for the anomaly-free conditions which could be coming from the three-family of fundamental 
27’s. The extra fermions consist of the quark-like and lepton-like particles whose charges 
under the SM gauge groups are the same as the right-handed down quarks, the left-handed 
leptons and the right-handed neutrinos. After EW symmetry breaking, the extra leptons 
are decomposed into neutral and charged particles just like neutrinos and charged leptons in 
the SM. In fact, there are 9 extra neutral and 6 charged particles, as we will see in Sec. H, 
and we could hnd the lightest neutral particle among them. The extra U{1)h symmetries 
are spontaneously broken but the remnant symmetry is conserved. The lightest particle 
is charged under U{1)h and has odd parity under the remnant symmetry, so that it 


* The general analysis of Z' in the Eq GUT has been done in Refs, la, ll7|. One can also see the reviews 
of the Eq GUTjliQ. 

^ U{1)^ and U{1)^ are not orthogonal to the leptophobic U{l)b- We will also give comments on the case 
with U{1)h = U{1)^ or 
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becomes a good dark matter candidate. DM will interact with SM particles throngh Zh 
and scalar boson exchanges. 

This paper is organized as follows. In Sec. HIl we introdnce the setnp of onr 2HDM[/(i), 
presenting the extra U{\)h charge assignments to the SM fermions and extra chiral fermions 
for the anomaly cancellation. Then we discuss the interactions of the extra particles and the 
stability of the CDM candidate in Sec. IIIIl Then, we study the contributions of the U{1)h 
gauge boson and the extra fermions to the EWPOs, Higgs signals and phenomenology of 
CDM in Sec. Ml lY] and IVIIl respectively. Finally, Sec. IVIII is devoted to summary. The 
gauge interactions and the vacuum polarizations in our models are introduced in Appendix lAl 
andlHl 


II. TYPE-II 2HDM WITH HIGGS SYMMETRY 

In order to realize the minimal flavor violation, one fermion sector should couple with one 
Higgs doublet a la NFC. Such Yukawa couplings can be realized by assuming an additional 
symmetry that distinguishes the two Higgs doublets: Z 2 symmetry or gauged U{1)h 
symmetry j^. In the 2HDM;7(i), the SM particles are also charged under the additional 
gauge ^mmetry and extra chiral fermions might be required to cancel the anomaly. In 
Ref. p, the type-I 2HDM[/(i) is mainly discussed and the gauged U{1)h symmetry is 
anomaly-free without any extra chiral fermions except right-handed neutrinos. In the type- 
H 2HDM[/(i), the anomaly-free conditions cannot be satished without extra fermions |6|, so 
that we have to consider the more complex matter content and U{1)h charge assignment. 
We could consider many models where the gauge anomalies are canceled by the extra helds 
as discussed in Ref. j^. In this section, we introduce the type-H 2HDM[/(i) inspired by Eq 
GUT. 

A. Type-H 2HDM with gauged U{1)h symmetry inspired by Eq GUT 

The scalar potential of general 2HDMs with U{1)h is completely hxed by local gauge 
invariance and renormalizability: 

V = + h.c.) 

+ + ^{HlH2f + Xs{hIh,){hIH2) + X,\hIH2\^. ( 1 ) 

Here $ is a SM singlet complex scalar held with U{1)h charge, and contributes to the 
U{1)h symmetry breaking. [i = 1,2) and are functions of $ only: 

= 171 ^ + Ai|<I)|^ 

at the renormalizable level. The function is hxed by the U{1)h charges of the 

Higgs doublets {Hi) and ^<1,, and ml{{^)) = 0 is satished at ($) = 0: rnl{^) = /i<I>", with 
n = {qHi — ( 1 h 2 )/q^- The parameter fi can be rendered real after suitable redehnition of the 
phase of <h. Note that the A5 term 


^X5[{HIH2)^ + h.C.] 
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TABLE I. Charge assignments of the SM fermions under the SM gauge group and various ?7(1) 
subgroups of Eg group 


in usual 2HDMs does not appear in the potential of our model because we employ a contin¬ 
uous U{1)h gauge symmetry rather than a discrete Z 2 symmetry. 

The Yukawa couplings in the Type-II 2HDMs are dehned as 

V, = + v''L‘H,Nj, + h.c.. (2) 

Note that the Hi and H 2 should carry different U{\)h charges in order to distinguish these 
two. [1 In the Type-II 2HDM inspired by the charge assignments for the SM particles 
and the Higgs doublets are given in Table [H 


Let us assume that Eq gauge symmetry breaks down as 


Ed ^O(IO) X U{1)^ SUib) X U{1)^ X (3) 


The linear combination of U{1)^ and U (1) 
by their linear combinations with U{1)y 

Qrj ~ 
Qb = 


fves U (lln, and the leptophobic 17(1 )& is dehned 


21|,l23H26 


^Qx 


g (Qv 


2Q 


Y 


( 4 ) 

( 5 ) 


We can see the charge assignment for each U{1) symmetry in Table [H 

The U(l) charge assignments of the SM fermions do not satisfy the anomaly-free condi¬ 
tions, and we have to introduce the following extra chiral fermions for anomaly cancellation: 




( 6 ) 


Here is neutral, and and are vector-like fermions under the SM gauge 

groups. Their 17(1) charges are chiral, as shown in Table UTl 


^ For U{1)^, two Higgs doublets carry the same charges, but right-handed up-type and down-type quarks 
have the different U{1)^ charges. 
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TABLE II. Charge assignments of the exotic chiral fermions under the SM gauge group and various 
17(1) subgroups of Eq. 
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TABLE III. Charge assignments of a singlet scalar <!' under the SM gauge group and U{1) subgroup 
of Eq. This scalar $ makes an additional contribution to 17(1) symmetry breaking. 


The generation index, i, corresponds to those of the SM fermions, and anomaly-free condi¬ 
tions are achieved within each generation. In the Eq GUT, the SM fermions and these extra 
chiral fermions are nicely embedded into three-family 27 representations. 

We have also introduced one extra complex scalar, $, which is a singlet under the SM 
gauge group, in order to break U{1)h spontaneously and generate the mass terms of the 
extra fermions. Let us dehne the charges of <h as shown in Table IIIIl H. 


Then the Yukawa couplings which respect all extra U{1) symmetries are given by 


yex 

y 


Vij^QLqR + vIMlIr + y'ljlRHinl + H 2 n{ + h.c.. 


(7) 


When $ develops a nonzero vacuum expectation value (VEV), and would become 
massive through the Yukawa couplings. 

As we discussed in Sec. [U we assume only one U{1)h gauge symmetry, which is the linear 
combination of the all f7(l) symmetries and remains at low energy, whereas the other f7(l) 
from Eq is spontaneously broken at the high energy scale. If U{1).^ or U{l)y^ is broken, the 
following Yukawa couplings would be allowed. 


^FCNC 






-|- c^j^L 




Qi 


-|- cfjli E^fjHi + c^jli -|- h 


-r ^iji^L ^'^r^2 “I" n.C., 


( 8 ) 


and the extra charged fermions mix with the SM quarks, and charged leptons and tree-level 
FCNC interactions will appear in general. Hence we simply assume that U(l)^ or U{1)^ is 
broken at some energy, but the remnant symmetry of U{1)^ or U{1)^ still holds down to 
low energy scale to suppress the FCNCs. In fact, U(l)^ (t7(l)^) breaks to (Z2), if only 
the VFVs of Hi 2 and <h break the U{1) symmetry. The SM fermions are even and the extra 
fermions are odd under the remnant Z 2 symmetry, so that the mass-mixing terms between 


§ In the supersymmetric Eq model, could be interpreted as the superpartner of til- 
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the SM and the extra fermions in Eq. ([8]) are forbidden. We could also consider the case 
that U{1)h is identical to for instance, and then the Yukawa couplings in Eq. ([8]) 

could be forbidden. In the sections for phenomenology, we adopt the U{l)b as the U{1)h, 
and investigate the impact of the new interaction inspired by Eq GUT, so that we simply 
assume that the mass mixings are forbidden by {Z 2 ) symmetry at that time. We shall 
also give a comment on the U{1)h = U{1)^ case. 


III. STABILITY OF THE EXTRA PARTICLES AND THE DARK MATTER 
CANDIDATE 

In this section, we briefly summarize the mass spectrum of the extra chiral fermions and 
discuss their stability. 


A. Extra Leptons 

Additional chiral fermions, 1} (/ = L, R) and are color-singlets and their SM charge 
assignment is the same as the one of the SM leptons and right-handed neutrino. After the 
EW symmetry breaking, a doublet 1) would split into a charged and a neutral fermions 
like the SM left-handed lepton doublets. The charged fermions become massive due to the 
nonzero ($), and the masses of the neutral fermions and are given by ($) and (hfig) 
following Eq. ([7]). The mass matrix for ij = and is 

_/ 0 mg- mjuX 

= -- (n£ u/j n£) mg 0 mg? + h.c 

\mM mo 0 / Xul) 

^ _ /miO 0\/ iVA 

= 0 m 2 0 W . 

\ 0 0 mg/ VYg/ 

Each element is defined as mg = / \/2, mo = y"'v cos f3 / \/2, and ruM = y'"'v sin f3 / \/2. mg 

is the mass of the charged fermion, e. In general, mg, mgg, and m^ are 3x3 matrices in flavor 
space, and would not be diagonal. In the following, we simply assume that dimensionless 
constants in Eq. ([7]) are flavor-blind and we omit the flavor index i in mg, mg), and m^g- At 
present, studying more general cases would be beyond the scope of this paper, lacking any 
direct evidence of new particles at the LHC. 

When (m| -|- m^, -|- m\j)^ — 27(mgmg)mM)^ > 0 is satished, the mass eigenvalues, mi, m 2 
and mg, are given by 


(9) 

( 10 ) 


2 


m| -|- m|, 


+ m^ 


e 

cos-. 


m| -|- m|, 


+ m^ 


cos 



( 11 ) 


where 9 is defined as 


+ m%+ m|g)/3}3 - {m^orriMy 

tailC7 = - - -r- 


( 12 ) 
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Three eigenstates of neutral fermions, {Ni, N 2 , N^), are linear combinations of ul, r'£, ul, 
defined as 



E 

a=l 


/- 


1 + 




mpm^+niMma 


+ 


/ momM+m-^mg 
1 mprrig+mMmg 


mpmg+mMmg 

mpniM+m^a 

mpmg+mMmg 

1 


PrNg 


(13) 


where Pl is the projection operator, Pl = {1 — 75 )/ 2 . 

Defining x (—1)^® or x (—1)^® with s being the spin of the particle, we can 

assign the odd charge to all the exotic fermions. This remnant Z 2 symmetry guarantees 
the stability of the lightest particle among the exotic fermions, so that the lightest neutral 
particle (= X) among Na could be a good cold dark matter candidate. 

The extra charged lepton, e, should decay in order to avoid a stable charged particle. 
After the EW symmetry breaking, the gauge interactions of e and Na are described in 
appendix!^ If e is heavier than at least X, the charged exotic lepton e decays to the DM 
X and the SM fermions through the W^*'^ exchange. 

The exotic leptons e and A£ can be produced at colliders by DY processes through the 
s-channel hT ^,7 and/or Zh exchanges. Note that the DY process through Zh exchange 
is a new aspect in our model, since Zh couples both to the SM quarks and exotic fermions. 
Once they are produced at colliders, they will decay through the mixing in Eq. (lAlj) (and 
the higher-dimensional operators), the extra leptons and quarks decay as 

iVa=2,3 ^ ^ ^ ^ iVa=l,2,3 + (14) 


and or (either real or virtual) will decay into two SM fermions. Therefore, their 
collider signatures would be similar to those of charginos and neutralinos in supersymmetric 
models, and bounds on chargino and neutralinos could be applied to our model with simple 
modihcation. The lower bound on mg- would be around 800 GeV, inferred from pp 


23,123 


B. Extra Quarks 


The SM charges of extra quarks, q\ (/ = L,R), are the same as those of the right-handed 
down quarks, Djj. However they can be distinguished by the U{1)h charges and In 
fact, the mass mixing between the extra quarks and the SM quarks in Eq. ([H]) is forbidden 
by the symmetry, so that the tree-level FCNCs involving the extra quarks are absent and the 
exotic quarks can not decay at the renormalizable level, in the 2HDM[/(i) with There 
might be symmetric higher-dimensional operators. For example, a dim-8 operator such 
as 

+ h.c., (15) 


would make the extra quarks decay into the SM fermions and the DM X, with the decay 
width given by 


1 f V cos \ 

(4^ V ) """ 


where is the mass of the exotic quark. Assuming = 1 TeV and tan/3 1, the 

lifetime is estimated as ~ 1 psec at A = 100 TeV, which is much longer than the QCD time 


















scale tqcd Aqpd- Therefore they will be hadronized, forming exotic massive hadrons, 
and would decay inside or outside the detector, depending on its velocity. Thus these exotic 
quarks would be constrained by exotic massive particle searches. In case they decay inside 
the detector, the usual bounds from squark search will apply. 

Exotic quarks q\^ and are produced copiously by QCD processes at hadron colliders, 
and by the DY process at lepton colliders. Once they are produced, they will decay through 
symmetric higher dimensional operators such as Eq. (p3. The extra-quark production 
could be constrained by the search for squark at LHC [2^, and the lower bound would 
be also around 1 TeV. Once they are produced at colliders, they will decay into the exotic 
leptons and the SM quarks through the mixing in Eq. flT^ . and then the exotic lepton decays 
into IsM^ through the gauge interaction in Eq. flAip : 

q] q^ukue followed by e* Na=i, 2 , 3 , + W^^*\ (16) 

where qsM and Ism are the SM quarks and leptons. Therefore the collider signatures will 
be 4/ -|- 2j +IpT^ 3/ -|- 4j +IpT, or 21 + 6j +IpT- 

IV. THEORETICAL AND EXPERIMENTAL BOUNDS 

In this section, we discuss theoretical and experimental constraints on the 2HDM. 


A. Parameters 

In this subsection, we list the parameters in our model which will be scanned over. In 
the Higgs potential Eq. ([2]), there are 11 parameters, mf {i = 1,2,$), \j (j = 1,2, 3,4,$), 
Afc {k = 1,2), and p, two of which are hxed by the mass of the SM-like Higgs boson (h), 
rrih = 125 GeV, and v = \Jv\ + V 2 = 246 GeV. In the numerical analysis we trace these 
parameters in the Higgs potential with more physical ones related with observables such as 
masses and the mixing angles: 

• tan/3 = V 2 /V 1 , where Vi and V 2 are VEVs of AT,, 

• niA '■ the mass of the pseudoscalar boson, 

• ; the mass of the additional neutral Higgs boson due to introducing a new scalar 

• mH+ '■ the mass of the charged Higgs boson, 

• ArriH = 'rriH — '^A '■ the mass difference between H and A, 

• a,ai,a 2 '■ the mixing angles between three neutral scalar bosons, 

• Mzff : the mass of the U{1)h gauge boson. 

The parameters in the Higgs potential can be obtained in terms of these 9 physical param¬ 
eters. For example, h, H, and h are the physical neutral Higgs bosons, which are mixtures 
of three neutral Higgs components of H 2 , and $, with the mixing angles a,ai,a 2 - 
The explicit relations are shown in Ref. |5|. The ranges of the parameters are chosen as 
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1 < tan/3 < 100, 125 GeV < < 1 TeV, 360 GeV < mH+ < 1 TeV, \AmH\ < 500 

GeV, \a,ai,a 2 \ < vr/2, and 125 GeV < < 1 TeV. 

U{1)h gauge interaction is parameterized by the gauge coupling qh and the U{1)h gauge 
boson mass {Mz„). The range of gn is taken to be 0 < 5 ^// < 1 because small gn is preferred 
due to the constraints from EWPOs as we will discuss later. We note that the VEV of $ is 
obtained by 



Note that the Zh mass is bounded from below by 

Mzh > 9hv\ sin/3|. 

In the Yukawa sector for extra chiral fermions, there are four parameters, y\ ?/”, and 
y'"- as shown in Eq. ([7]). The Yukawa couplings are taken to be in the range, 

0<y‘^,y\y^,y'^<47i. 

The masses of extra chiral fermions can be calculated in terms of the Yukawa couplings {y'^, 
y\ I/'"') and 3 scalar VEVs (uj and v^). 

In summary, we scan 14 parameters in the numerical analysis in order to hnd the regions 
that are consistent with theoretical and experimental constraints. The mass of the candidate 
for GDM is not restricted in the discussion on Higgs physics or electroweak precision tests 
in Secs. IIV Gl and |Vl 


B. Theoretical Bounds 

In the analysis, we impose perturbativity bounds on dimensionless quartic couplings in 
the Higgs potential, |Ai| < /c, which are required for the model to be stable under higher-order 
corrections. Here /c is a certain number and chosen as dvr in this work. The 2 —)■ 2 scattering 
processes for scalar and gauge bosons are dominated by the induced quartic couplings Qi 
at very high energy while the amplitudes including triple gauge couplings are suppressed. 
We impose the perturbative unitarity condition on the induced quartic couplings at the tree 
level with \Qi\ < Svr js^. 

Finally, we impose the vacuum stability bounds at the tree level, which require that the 
dimensionless couplings Ai^ 2 , 3,4 are to satisfy the following conditions: 

Ai >0, A2 > 0, A3 > —-\/A1A2, A3 -|- A4 > —\/ A1A2, ( 18 ) 

in the ($) = 0 direction. They correspond to the ones in the usual 2HDMs without A 5 . It 
is noticeable that the conditions in Eq. flT 8 |) lead the scalar mass relation 

m\ + m\j — rn\ > Q. ( 19 ) 

In the ordinary 2HDMs with softly broken Z 2 symmetry, sizable A 5 is allowed and the 
conditions ffTSj) and flT^ should be modihed by the replacements, rriA + AsU^ and 

A 4 —)■ A 4 -|- As in Eqs. ffTSj) . and flT^ . 
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In the ($) 7 ^ 0 direction, the vacuum-stability conditions for A.^,, Ai and A 2 are 


~ 2 ~ 2 ~ ~ 

, „ , Ai , A2 , AiAo 

A# >0, Ai > -—, A2 > —, A3--— > — 

A^ 


1 


Ai- 


Ai 


Ao — 


Ao 


A3 + A4-^>- 

A^ 


\ 


Ai- 


A<j> 


Ao — 


A 2 

Ad 


( 20 ) 


where the directions of Hi and H 2 helds in the last four conditions are the same as those of 
Hi and H 2 helds in Eq. flTS]) . 


C. Experimental Constraints 

In this subsection, we discuss various experimental constraints on our 2HDM from collider 
experiments, havor physics and the electroweak precision observables (EWPOs). 


1. Electroweak precision observables (EWPOs) 


In order to evaluate the allowed region for the new physics contributions to the EWPOs, 
Peskin-Takeuchi parameters S, T, and U are often used whose dehnitions can be found 
in Ref. js^. According to the recent LHC results, the bounds on S, T, and U parameters 
are given by R = 0.03 ± 0.10, T = 0.05 ± 0.12, U = 0.03 ± 0.10, with = 126 GeV and 
^ref _ GeV jil, 3^. The correlation coefficients are -I-O.SOst, —and — O.Sdrr/.l 
The Peskin-Takeuchi parameters have been calculated in the 2HDM (with extra scalars) [35 
38 | and in the 2HDM;7(i) (with extra scalars and U{1) gauge boson) j^. 

In addition to the contributions of extra scalar bosons and U{1)h gauge boson, there 
may exist additional contributions from extra fermions in the type-II 2HDM[/(i). Since the 
extra quarks are SU{3) x U{1)y vector-like and SU{2) singlet, they do not contribute to the 
EWPOs. The extra charged leptons and two of three-type neutral leptons are SU (2) x U{1)y 
vector-like, while the other rii is SU{2) x U{1)y singlet. The extra neutral leptons mix with 
each other (see Sec. IIII Aj) . and they contribute to the EWPOs. The detail of the extra 
contribution to the vacuum polarization is shown in Appendix [Bl 

As discussed in Ref. [^, contributes to the EWPOs at tree level through the mass 
mixing between and Z, because the Higgs doublet charged under U{1)h breaks not only 
the EW symmetry but also the U{1)h symmetry. The present authors discussed the Zh 
correction to the EWPOs up to the one-loop level in Ref. j^. It is found that the U{1)h 
gauge coupling (gn) and the gauge boson mass {Mz„) are strictly constrained in the low 
Zh mass region especially around the Z boson mass. 

In the usual 2HDM, there are two massive CP-even scalars, one massive CP-odd scalar, 
and one charged Higgs pair after the EW symmetry breaking [I|. They contribute to the 
EWPOs at the one-loop level, and it is found that the mass differences among the extra 
scalars are especially constrained strongly @,[31,0 


^ Fixing U = 0, S = 0.05 ± 0.09 and T = 0.08 ± 0.07 with the correlation coefficient +0.91. 
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In the 2HDM[/(i), there is another extra neutral scalar h. In total, there are three neutral 
scalar Higgs bosons, h, H, and h plus one pseudoscalar boson A, where h is the SM-like 
Higgs boson which has been observed at the LHC. All scalar bosons contribute to the 
EWPOs at the one-loop level. The U (1)// gauge boson {Zh) also contributes to the EWPOs, 
but its contribution appears even at the tree level through the mixing between the Z and 
Zh mixing, where Z and Zh are gauge eigenstates while Z and Z^ are mass eigenstates, 
respectively. In the type-I 2HDM;7(i), the contribution of extra scalars and Zh is discussed 
in Ref. jH. In the type-H case, the correction of the scalars and Zh boson to the EWPOs is 
the same as in the type-I case up to the one loop level, but there are additional contributions 
from the extra chiral fermion loops. They may affect the EWPOs through the self-energy 
diagrams of the SM gauge bosons. The formulas for such extra contributions to the EWPOs 
will be given in Appendix [B] with detailed analysis. 


2. Constraints on the Charged Higgs boson 


The charged Higgs boson is constrained by direct production channels in many experi¬ 
ments. In the type-H 2HDM case, the lower bound for the mass of the charged Higgs boson 
is about 80 GeV at the 95% C.L. 39j. At the LHC, the stringent bound for comes from 


search for the charged Higgs boson in the top quark decay for mH+ < mt and from the direct 
production of the charged Higgs boson with subsequent decays —)■ rz/ or —)■ tb for 
mH+ > rrit ji^ . It is found that the large tan fd region is strongly constrained for mH+ ^ 300 
GeV from the LHC experiments. 

The most stringent bound for mH+ comes from flavour physics, in particular, b ^ s'j 


decays. In the type-H 2HDM, the region of mH+ > 360 GeV is allowed at 95% G.L. 


We adopt this bound in this work. The B ^ tv decays may constrain tan/3 and mH+ in 
the type-H 2HDM. We impose the condition on the branching ratio for B ^ tv decays, 
0.447 X 10“^ < Br(i3 —)■ 'pA < 1.012 x 10“^, which was measured at the Belle with hadronic 
tagging for the r decay The other measurements for the branching ratios for B ^ tv 


decays at the Belle and the BABAR have much larger uncertainties than the above value 


We note that the results in this work do not change so much even though we use other results 
or the average of all results. The Bg-Bg mixing is also affected by the charged Higgs exchange. 
It is known that the Bg-Bg mixing disfavors a small tan /3 region so that we impose tan /3 > 
1 ji^. The mass of the pseudoscalar boson and tan/3 are constrained by the production of 
the pseudoscalar with the subsequent decays into A t^t~ or A —)■ fi^ We take 
into account this constraint on rriA and tan /3 in our analysis. 

Another interesting measurement which may strongly affect the constraints on tan /3 
and mH+ is the branching ratio for the semileptonic decay B —)■ D^*Av. The BABAR 
measurement for this branching ratio indicates that the SM as well as the type-H 2HDM 
would be excluded with 99.8% probability [i^. This problem would require breaking of 
the so-called Natural Flavor Gonservation criteria, which could be realized in the flavor- 
dependent U{1) model However, this breaking cannot be achieved in the 2HDM(7(i) 
and the anomaly cannot be accommodated with this model. We ignore the experimental 
constraint from Br{B D^*'>tv) at the BABAR. 
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Higgs tagging channels 

ATLAS 

CMS 

H - 

^ 77 

1 criy+O.SS 
-0.28 

1.13 

± 

0.24 

H 

ZZ* 

1 44+0-40 

1.00 

± 

0.29 

H 

ww* 

i.UU_Q 29 

0.83 

± 

0.21 

H - 

bb 

n 2+°'^ 

0.93 

± 

0.49 

H 


1 nq+o-3ti 

-‘-•O’y-0.32 

0.91 

± 

0.27 


TABLE IV. Higgs signal strength data reported at ICHEP2014 



EIG. 1. Mzfj and gn in the type-II The dot line is the upper bound on the U{1)^ 

gauge boson, and the gray region is allowed for the U{1)h{^ U{^)b) gauge boson. 

3. Constraints on the neutral (pseudo)scalar bosons 


The search for the SM-like heavy Higgs boson would strongly constrains, in particular, 
the heavy Higgs boson mass and its couplings. The main channels for the SM-like heavy 
Higgs boson search are the H ZZ ^ 41 decays in the vector boson fusion (VHP) and 
vector boson associated production (VH) or in the gg fusion process {gg). We impose the 
upper bound on the signal strength (/i) for a heavy Higgs boson production and decay: 
hvHF+VH) Aigg^ < 0.1 ~ 1 for 125 GeV < < 1 TeV |i8|. 

The lower bounds on the masses of extra quarks and charged leptons are set to be 1 TeV 
and 800 GeV, respectively, as discussed in the previous section. Finally, there is no bound 
on the mass of extra neutral leptons, W, where the lightest one is a candidate for GDM, X. 

If rrix is less than m/i/2, the observed Higgs boson h can decay to 2X, which contributes 
to the invisible dec^of h. The bound on the invisible decay of the SM-like Higgs has been 
discussed in Refs. [4§, 5^1 • Explicitly we assume BR(h —)■ invisibles) < 0.58. We take the 
mass of the extra scalars and gauge boson to be over the mass of the SM-like Higgs boson. 
Thus, they do not contribute to the invisible decay of h. Furthermore, if mx is lighter than 
the half of the Z-boson mass, Z can also decay to 2X. This constraint may easily be avoided 
in the range mx > Mzl2. 
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U{1)h gauge boson Zh 


On the other hand, the Zh interaction is constrained by searches for a Z' boson at collider 
experiments. From now on we dehne the U{\)h charge assignments as the leptophobic case, 
i.e. we consider the case U{1)h = U{l)b. Then the U{l)b gauge interactions of the SM 
particles are given by 


2 — 




A = 9hZS ( + A'iT.A'U + JzZ" J, 


SM 

u 


^ - r2 ryu V I ^ 7\/r2 


+ -M^^^Z>^Zh, + -M^zZ^Z, + AM^Z>^Z,, 


( 21 ) 


where , gz and are the mass, the gauge coupling and the current of the Z boson in 
the SM. The nonzero VEV of H 2 gives the mass mixing AM^ between Zh fi and so that 
Zh fj. and are not in their mass basis. However, the mixing is strongly constrained by the 
EWPOs, as discussed in Ref. j^, so that Z//^ and Z^ could be approximately interpreted 
as the gauge bosons (Z^^ and Z^) in their mass basis. Then we can ignore the Zh boson 
couplings to the SM leptons, thereby Zh becoming leptophobic. The strong bounds from 
the Drell-Yan processes and the LEP experiment can be evaded if the mass mixing of Z and 
Zh is small enough. The resonance searches for a Z' boson in the dijet and ti production 
also provide relevant constraints on the Zh boson. They give the upper bound of qh the 
0(100) GeV mass region [5ll-54|. In Fig. [H we depict the allowed region for qh and in 

the type-II 2HDM[7(i) with leptophobic U{1)h (= U{f)b) symmetry, which is represented by 
gray color. For comparison, we also show the upper bound for the 0(l)p gauge boson, which 
is represented by the dot line. The bound for the 0(l)p gauge boson is much stronger than 
that for the U{1)h gauge boson due to the interaction with SM leptons. For the U (l)iy gauge 
boson, it is found that the low mass region is strictly constrained by the EWPOs, i.e. the 
Z decay width and p parameter. While the bound in high mass region comes mainly from 
the resonance searches in the dijet and tt production at hadron colliders. The allowed value 
for ph is 0(0.01) in the low region and 0(0.1) in the high region, respectively. 
We note that these upper bounds are a bit stronger than in the Type-I 2HDMf/(i)^ because 
the Zh boson is fermiophobic in the Type-I case j5|. 


V. HIGGS SIGNALS AT THE LHC 


The SM-like Higgs boson with mass ~ 125 GeV was discovered at the LHG [55|. At the 


hrst stage of the measurements, the signal strengths in the Higgs decaying into two photons 
or ZZ* were slightly larger than the SM predictions. As more data were accumulated at the 
8 TeV center-of-momentum (GM) energy, however, the signal strengths became consistent 
with the SM predictions in each decay mode as shown in Table HVl Although this consistency 
may imply that the discovered boson is really the SM Higgs, we still cannot rule out a 
possibility it could be a SM-like Higgs boson in the model with an extended Higgs sector 
like the 2HDM, with a small mixture from the extended Higgs sector. 

In the usual Type-H 2HDM, there are two GP-even scalar bosons, while there is one 
more GP-even scalar boson in the 2HDM;7(i)^. The lightest one is assumed to be the SM- 
like Higgs boson in this work. In both models, there is a GP-odd scalar A. The Yukawa 
couplings of the SM-like Higgs boson and extra scalar boson with the SM fermions depend 
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FIG. 2. Signal strengths and (a) in the Type-II 2HDMs and (b) in the Type-I 2HDMs. 

on the vacuum alignment of VEVs of two Higgs doublets. In the 2HDMf/(i)^, the U{1)h 
gauge boson Zh and extra chiral fermions also take part in interactions. Therefore all the 
extra particles in 2HDMf/(i)^can change Higgs physics at the LHC. The charged Higgs boson 
can contribute to h —)■ 77 and h —)■ Z'j at the loop level j^. Extra charged and/or colored 
particles contribute to h ^ 77, Z7 and the h ^ gg at one loop level. Furthermore, the 
SM-like Higgs boson may decay to the extra particles, if the sum of masses of hnal particles 
are less than rrih- 

In Fig. [21 we depict the signal strengths p// and in the Type-H 2HDMs, which are 
calculated by using HDECAY js^. We modified the original HDECAY code by modifying 
Higgs couplings to the SM fermions and weak gauge bosons and by including the contribution 
of the charged Higgs boson and extra charged fermions to the hgg, h'yy, and hZ'j vertices. 
We also draw the same hgure in the Type-I 2HDMs for comparison, which is based on 
Ref. jhj. The pink points are allowed in the Type-H (-1) 2HDM^2) while the cyan points 
are allowed in the Type-H (-1) 2HDM{/(i)^, respectively. The blue and green boxes are 
CMS and ATLAS data at y/s = 7, 8 TeV in the la level, respectively. Explicitly, we use 
= l-12lo;32 and ^ for the CMS data [s^ while = 1.32 ± 0.38 

and gg^pphihptih ~ ATLAS data [^ . 

The SM prediction for the Higgs signal strength is /i = 1 by dehnition, which is consistent 
with the CMS and ATLAS data within la and 2a, respectively. This implies that new 
physics should not affect the Higgs signal strengths too much. In this respect, the decoupling 
scenario, where all the scalar bosons except the SM-like Higgs boson are heavy enough to 
decouple from EW physics, or the alignment scenario, where the heavy Higgs boson coupling 
to gauge boson is suppressed, are preferred in the 2HDMs js^. A similar situation would 
be true in the 2HDM;7(i)^. 

In Fig. 131 we depict the allowed regions in the ((/3 — a)/7r, tan (3) planes for (a) the Type- 
II 2HDMs and (b) the Type-I 2HDMs, where all points are consistent with the theoretical 
and experimental bounds discussed in the previous sections. We note that the Higgs signal 
strengths /i/J and gg^ of all the points in Fig. [3] are consistent with the CMS data (p/J and 
ggg) in the la level, as shown in Fig. [21 If the ATLAS data or combined data of ATLAS 
and CMS are used, we would get similar plots. 

As shown in Fig. [21(b), the Higgs signal strengths can reach in the following ranges: p/J ;< 
1.4 and 0.4 < gg^ < 1.1 in the Type-I 2HDM22, but p// < 1.4 and 0 < gg^ < 1.1 is allowed 
in the Type-I 2IIDM;7(i)^. The region where ggf ~ 0 is allowed in the Type-I 2HDM[/(i)^, 
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FIG. 3. {(3 — a)/TT vs. tan/? (a) in the Type-II 2HDMs and (b) in the Type-I 2HDMs. All the 

points satisfy the CMS data {iXgg and ^igg) within la level. 


but it is disallowed in the Type-I 2HDM^2. This is because both couplings of the SM-like 
Higgs boson to fermions and gauge bosons have an additional suppression factor cos ai. That 
is, the rescaling factors of the SM-like Higgs boson couplings are Qhff = cos ai cos a/sin/? 
and ghvv = cosai sin(/? — a) in the Type-I 2HDM[7(i)^. We note that the rescaling factors 
in the Type-I 2HDM^2 can be obtained if we set ai = 0. 

On the other hand, in the Type-H case, both signal strengths and can take their 
values from 0 to ~ 3. The SM-like Higgs coupling to the SM gauge bosons are the same as 
in the Type-I case, but the Yukawa couplings are different. Note that the rescaling factor 
of the Yukawa coupling to the up-type fermions is ghuu = cos a cos ai/sin/?, while that to 
the down-type fermions is ghdd = — sin a cos axj cos /?. 

In the Type-I case, the allowed parameter spaces in ordinary 2HDM^2 2HDM^(i)j:j 
are rather similar. As discussed in Ref. j^, | sina| > 0.8 is not allowed because the coupling 
9hff ~ cos a/sin/? is small for tan/? > 1. In this region | cos(/? — a)| < 0.4 and the Yukawa 
couplings have similar values as the SM Yukawa couplings. 

In the Type-H 2HDM^2, two parameter regions are allowed. One of them is (/? — «) ~ tt/2 
corresponding to the SM limit line, sin(/? — a) ~ 0. The other branch corresponds to the 
line sin(/? + a) ~ 0. In this branch, the Yukawa couplings of the up-type fermions are 
very close to the SM Yukawa couplings, while those of the down-type fermions have the 
opposite sign relative to the SM Yukawa couplings [^. In the Type-H 2HDMf/(i)^, the 
intermediate region between two pink branches is also allowed. This intermediate region 
contains the parameter space with sin a ~ 0. The rescaling factor of the Yukawa couplings 
of the up-type fermions is \ghuu\ ~ 1, where the opposite sign is also allowed. This is because 
all the rescaling factors include an overall factor cosai. For negative cosai, the negative 
Yukawa coupling can be achieved. The rescaling factor of the down-type fermions is allowed 
ill Idhddl ^1- In particular, Ig^sl may have a very small value in some points. In the 
analysis, we do not constrain the Yukawa couplings of the down-type fermions directly. If 
the Yukawa couplings of the down-type fermions are well measured in the near future, the 
allowed parameter spaces for gj^^^ would strongly be constrained. 

In the allowed region, both tan/? and U{1)h coupling are rather small; tan/? < 15 and 
9h ^ 0.13. There are no strict bounds on the extra scalars, i.e. > ruh and mH+ > 360 

GeV. The mass of the U{1)h gauge boson is in the range of > rrih and the VEV of $ is 
V 4 , ^ 2.5 TeV. Because of the small U{1)h gauge coupling gn, the Zh boson with 100 GeV 
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~ 1 TeV mass can avoid the strong constraints from experiments. The mass of the dark 
matter candidate is in the range of 0 < mx ^1-2 TeV. 

In principle, our models could be distinguished from the ordinary 2HDMs because there 
exist additional particles: an additional neutral Higgs boson, a new gauge boson Zh, and 
extra chiral fermions, that could be produced directly at colliders or can appear in the loop. 
However, note that the qualitative features in Higgs physics, in particular, the Higgs signal 
strengths (Fig. |2]) are not so different between two models in the ATLAS/CMS data regions. 
Therefore it is not that easy to distinguish these two models only by the Higgs signal strength 
measured at the LHC, since the LHC data are in good agreement with the SM (see Fig. 2). 
Large deviations of the Higgs signal strengths from the SM predictions or discovery of new 
particles would be necessary to tell our 2HDM with local U{1)h gauge symmetry from the 
usual 2HDM with Z 2 symmetry. 

Still the detail of the model parameter space are different as shown in Fig. |21 In the 
ordinary type-H 2HDM, the allowed region for tan f3 and (/? — a) is restricted in the two 
branches, while in our model, the allowed region is much broader. This is mainly due to the 
additional neutral Higgs boson with new mixing angles that appear in the Yukawa couplings 
and the Higgs couplings to the weak gauge bosons. Also the extra colored and/or charged 
particles cancelling the gauge anomalies generate the difference in the Higgs signal strengths 
through their contribution to the hgg and hyy couplings. 

As we have mentioned, our models have new particles that are not present in the ordi¬ 
nary 2HDM: three neutral scalar bosons, a new gauge boson Zh and extra chiral fermions. 
Discovery of some of these new particles would be distinctive signatures of our model. For 
example, observation of extra fermions in the production/decay channels discussed in Sec. HI 
would be clear signatures of the Type-H 2HDM with local U{\)h gauge symmetry. 

Note that we have not imposed constraints on the dark matter candidate yet in the 
analysis of this section. The constraints on dark matter from the thermal relic density, direct 
and indirect detection of dark matter will also strongly constrain the parameter space. Still 
Figs. [2] and [3] are meaningful if we consider the model where the dark matter candidate 
can decay by introducing an additional scalar that couples with the dark matter candidate. 
Then there is no dark matter in the model so that we do not need to take into account the 
constraints from dark matter detection. 


VI. DARK MATTER PHYSICS 


As we discussed in Sec. lYl the lightest neutral particle X is a Majorana fermion and 
could be stable due to the remnant Z^ symmetry. In the mass matrix for (F^, nx,), we 

assume that ^ rriH, ttim in order to evade the stringent constraint from the extra lepton 
search. In that limit, mx can be approximately evaluated as 


2mHmM 

mx ~ - 

me 


ynylnv‘2. 


ms 


COS /3 siu/S, 


( 22 ) 


where X is mostly nx-like: 




riL 


mp . 

ms 


-^L 


rriM- 

-i 

me 


'R 


In order to make mx heavy enough, we require large Yukawa couplings, and y'"" of 0(1). 
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FIG. 4. y'^ vs. mx with tan/3 = 3 and mg = 1 TeV. The blue region satisfies all the bounds on 
the extra particles in the text, as well as the invisible Z decay (y"' < 3 and y'"^ < 1). 



mx [GeV] 

FIG. 5. mx vs. in the decoupling limit, sin(/3 — a) = 0,ai = a 2 = 0. The cyan points 
satisfy the experimental constraints at colliders while the pink points satisfy the bound from direct 
detection of DM in the LUX experiment too. The red line is for 500 GeV < < 1 TeV and 

y'” = I, while the blue line is for mx = mn = 200 GeV, mH+ = 360 GeV and y'^ = 1. 


In Fig. m the region for mx and is described, setting tan/3 = 3 and mg = ITeV. The 
blue region is the one allowed for the bound from the invisible decay of Z boson (y” <3 and 
y'” < 1), which is derived from the la error of the invisible decay width of Z boson H- 
X could be thermally produced through the following annihilation processes: XX —)■ //, 
W~^W~, and ZZ. The extra fermions masses are generated by ($), and could be much 
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heavier than X because of the experimental constraints, so that they have already decoupled 
at the freeze-out temperature of X. The U{1)h gauge interaction through Zh emission may 
be also effective as we see in Fig. [TJ And h, A, H exchanging in the s-channel are efficient in 
the annihilation and scattering with nuclei, because of large Yukawa coupling. However, all 
the cross sections are strongly suppressed by the mixing elements Uab^ dehned in Eq. (IT^ 
and Appendix so that X tends to be over-produced in our universe. 

In Fig.[5l we show the thermal relic density of X in the decoupling limit where the mixing 
among CP-even scalars are hxed at sin(/3 —a) = 1 and ai = 02 = 0. The cyan points satisfy 
the experimental constraints at colliders which have been discussed in previous sections. The 
pink points satisfy the LUX bound for direct detection of DM in addition to the experimental 
constraints at colliders. 


For more concrete discussion, let us hx other parameters too. In the red line, the masses 
of A, H and H± are within 500 GeV < mH,A,H+ < 1 TeV and ?/'"' = 1. Then the heavy scalar 
exchange processes are inefficient to reduce the relic density for mx ^ 200 GeV. The blue 
line corresponds to the case with mA = mn = 200 GeV, mH± = 360 GeV, and ?/'” = 1. The 
green band is the observed relic density in the PLANCK experiment [^. In both cases, only 
the regions around the resonances, mx ~ ur/i/2 and mx ~ u 7 ,h/ 2, can result in the correct 
relic density of DM (we have calculated thermal relic density using the micrOMEGAs j^L 
The spin-independent and spin-dependent direct detection cross sections of DM X on proton 
are estimated as usi = 6.54 x 10“^° (1.98 x 10“^°) pb and usd = 2.41 x 10“® (1.91 x 10“®) 
pb at mx = 55.3 (83.5) GeV, where the DM density is = 0.166 (0.137). They are far 
below the current experimental bounds from the direct detection [6^. If mx is less than 
half of mhi the SM-like Higgs can decay into a pair of DMs, and the branching ratio of the 
invisible decay is 0.1 at mx = 55.3 GeV, which is still acceptable [s^. 

In Fig. O there is a sharp peak around mx = 50 GeV, where the relic density is highly 
suppressed due to the processes, XX Z ff {f = SM fermions except t), (the SM Z 
boson resonance). The DM coupling with the SM Z boson is generated by the Z-Zh mixing. 
At mx ~ 60 GeV, the relic density can be smaller than the current observation due to the 
resonance effect of the SM-like Higgs boson mediation. In the region mx > 60 GeV, new 
resonance processes, for example, the heavy scalar (H) exchange process, could contribute 
to decreasing the relic density. At mx — 80 GeV, XX ^ W~^W~ channel is open so that 
the relic density could be below the observation. Surely, it strongly depends on the DM-Z 
coupling. For a small DM-Z coupling, the XX —)■ W~^W~ process is not sufficient to reduce 
the relic density. In that case, the relic density is higher than the current observation as 
shown in Fig. O 

In Fig. ini we depict the DM mass vs. the velocity-averaged annihilation cross section. 


(an), at the halo. The calculation was carried out by using micrOMEGAs (63|]. All points 


satisfy the collider constraints discussed in previous sections as well as the LUX bound for 
direct detection of DM. We impose that the thermal relic densities are below the PLANCK 


62| . The horizontal line, whose 


observation Dcdm^^ = 0.1199 ± 0.0027 with 3cr uncertainty 
value is (av) ~ 3 x 10“^® cm^/s, corresponds to the bound from the relic density for the 
s-wave annihilation dominant case. The solid and dotted curves are the Fermi-LAT bound 
for the DM annihilation into bb and W~^W~, respectively. 

At the Z-resonance region {mx ~ 50 GeV), the indirect detection bound might severely 
constrain our model. The bound is assumed that XX —)■ bb is dominant, but in our model 
its contribution is about 17%. The rest contribution comes from the DM annihilation into 
SM fermions except b and t pairs. This would slightly relieve the strong bound from the 
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mx [GeV] 


FIG. 6. mx vs. {av) in units of GeV and cm^/s, respectively, 
constraints and direct detection bound in the LUX experiments, 
current observation by the PLANCK Collaboration 62 ]. 


The pink points satisfy collider 
The relic density is below the 


indirect detection of DM. As shown in Fig. |6l the Higgs-resonance region is less constrained 
because of the resonance effects coming mainly from difference between the DM velocity 
at the freeze-out and at the current halo. At the region mx ^ ^Wi our model is strongly 
constrained by the indirect detection of DM again, but there are still some allowed regions 
as shown in Fig. [6l 


VII. SUMMARY 

In this paper, we have studied the type-II 2HDM[7(i) inspired by Eq, which was proposed 
by the present authors a few years ago j^. Both of the two Higgs doublets {Hi and H 2 ) 
and the SM chiral fermions are charged under U{1)h and the theory becomes anomalous. 
Therefore, for the purpose of anomaly cancellation, we have introduced extra quarks and 
leptons, which could be derived from 27 representation together with the SM fermions, from 
the point of view of bottom-up approach. Unlike the fermion sector, the Higgs sector of our 
model has not been extended to 27 representation of Eq. This is the main difference between 
our model and the usual Eq GUT. Still we could expect that our 2HDM^(i) is effectively 
realized by supersymmetric Eq GUT. But we have simply discussed the phenomenology 
involving the extra Higgs doublet and fermions, assuming only one gauged U{1)h and 
discrete symmetry which may be predicted by Eq gauge symmetry survive at low energy. 
Especially, we considered the leptophobic U{1)h charge assignments to avoid the stringent 
constraint from DY processes, and study the effect on the Higgs and DM physics. In 
fact, Zh could be as light as ~ 0(100) GeV, but very light Z^ is strictly constrained by the 
EWPOs, as we see in Fig. [1] It may be difficult to draw explicit bounds on 2HDMs from 
the Higgs signal strengths at the LHG alone. But we found that the Type-H 2HDM can 
easily enhance or reduce the signal strength oih ^ ZZ and 77, because of the sensitivity to 
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h —)■ bb, compared with Type-I 2HDMs, so that we can expect that our Type-II 2HDM[/(i) 
will be strictly constrained by the LHC Run-II. 


Search for the extra quarks and leptons is especially important to our model. The current 
lower bound from the exotic fermion searches is around 800 GeV, and it will become more 
stringent at the LHC Run-II. We may hnd Majorana fermion dark matter candidate among 
the extra neutral particles, where the DM stability is guaranteed by Z|^. It may be difficult 
to shift the mass of the DM, because of the stringent constraints on the extra charged 
particles and Zf"; 0(10) GeV DM mass corresponds to 0(1) Yukawa couplings, and 
If we accept such large Yukawa couplings, we can explain the correct thermal relic DM 
density, and escape from the strong bounds from the DM direct detections. The DM scenario 
predicts the invisible decay of the 125 GeV Higgs and the branching ratio is ~ 0(0.1), which 
may be reached at the LHC. plays two important roles: it does not only guarantee the 
DM stability, but also forbid the unwanted FCNCs involving the extra fermions. In other 
words, we have to consider the effect of the mixing terms between the SM particles and the 
extra fermions as in Eq. ([HD , if we cannot realize Zf^ from Eq gauge symmetry. It will cause 
problems in flavor physics, but may give some rich phenomenology in neutrino and dark 
matter physics. It was discussed in Ref. 65| and the detail of the work is in progress. 
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Appendix A: Interactions of exotic fermions 


The gauge interactions of the extra fermions are given by the following terms, 


0 

- -B^q-i^q + QnZ'^iQg^^-f^.qL + 

Qir QRlgQR) 


AcwSw 

+ E 
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2 ciySw 






2'‘e7^e - eA^e^^e 
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+—+ U.^^Wll^e- (Ut^, - ( 7 „,Jj^ 7 , 75 e} 
Sw 
9 h 


2 V 2 


ULa 
|2 
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(a,fo)=(a,a+l) 

-iguZ^H {QeJm{U*^^U^^b) - QeJrn{U*^JJui^b) - QnJm{U*^^JJni^b)}{,Na-igNb), 

(a,6)=(a,a+l) 


where {(a, 6)} = {(1, 2), (2, 3), (3,1)} and (3,4) = (3,1) are defined. The flavor index is 
omitted assuming the masses are degenerate and the mixing, Uab, is defined in Eq. flT3|) . 

The Yukawa couplings involving neutral fermions may be relevant to dark matter physics: 


Cy = -'^{U,^aUu,b)^N-PLN^ - -I!^[U,^^Un,b)HlN-PLN^ - 

u<j, V cos p u sm p 


V cos {3 


Un.bH^ePLN' 


6 mM\/2 


V sin (3 


Un^bH+e^PiN^ + h.c.. 


{U,,aUn^b)HlN-PLN^ 


(Al) 


PI ^2 fhs neutral and charged components of the two Higgs doublets and they 

generally mix with each other as discussed in Ref. j^. 
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Appendix B: Contribution of the extra lepton to the Vacuum Polarization 


Simply assuming that the masses are degenerate among the generations, the corrections 
of the vacuum polarizations are given by 


^Ylwwiq^) = + \U^^a “ | (g^ mg, 771^) }, 

(Bl) 
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Npe^cl - 
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Ac^ c2 

Npe^ 
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Npe^ 
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(a,fe)=(a,a+l) 


2c\yS\y 

An^^(g^) = iVFe^ny(g^mg,mg), 


ny(g^mg, mg). 


(B3) 

(B4) 


where 11^ (hl"^) is the vacuum polarization of vector currents (axial currents) and defined as 


n^(g^mi,m2) = ^ {(g^ - (mi - m2)^)5o(g^m^,m^) + 4522(g^m^,m^) - A{ml) - A{ml)} , 

n^(g^mi,m2) = ^ {(g^ - (mi + m2)^)5o(g^ m?, m^) + 4522(g^ m?, m^) - A{ml) - A{ml)} . 

(B5) 


The explicit expressions of the functions Bq, B 22 and A and the contribution of the Majorana 
particles can be found in Ref. 35, 1^ . 
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